to produce mice deficient in H2A.Z. Figures 1b and 1c show plays a critical role in early development, and we conclude that this histone variant plays a pivotal role the Southern blots used for identification of the targeted ES cell clones and mice, respectively. Heterozygous in establishing the chromatin structures required for the complex patterns of gene expression (H2A.Z ϩ/Ϫ ) mice appeared normal and were fertile; however, of the 52 animals obtained by intercrosses, none essential for normal mammalian development. were homozygous for the H2A.Z mutation (Table 1 ). This finding indicates that a lack of functional H2A.Z leads to
gene targeting in ES cells, but these mice show no phenotypic consequences, perhaps due to terband domains of polytene chromosomes. To determine whether H2A.Z has a role in mammalian development, redundancy of function [3] . Here we show for the first time that a mammalian histone variant, H2A.Z, we used the targeting vector shown in Figure 1a to produce mice deficient in H2A.Z. Figures 1b and 1c show plays a critical role in early development, and we conclude that this histone variant plays a pivotal role the Southern blots used for identification of the targeted ES cell clones and mice, respectively. Heterozygous in establishing the chromatin structures required for the complex patterns of gene expression (H2A.Z ϩ/Ϫ ) mice appeared normal and were fertile; however, of the 52 animals obtained by intercrosses, none essential for normal mammalian development. were homozygous for the H2A.Z mutation (Table 1 ). This finding indicates that a lack of functional H2A.Z leads to and a probe specific for the neo-coding region (data not shown).
(ii) A male chimera had 100% ES cell contribution to the germ line, and heterozygous offspring were identified by Southern blot analysis of XbaI-digested tail DNA hybridized to Probe C. The wild-type and and two allele-specific primers (H4 and N13), which yielded products the mutated H2A.Z alleles were detected as 3.6 kb and 4.7 kb of 210 bp (wild-type) and 976 bp (targeted). M, molecular weight fragments, respectively. (c) PCR analysis allowed the genotyping of markers generated by digesting pUC19 with HpaII. h2a.z ϩ/Ϫ intercross blastocysts. Wild-type and mutated alleles were amplified simultaneously with a primer common to both alleles (H6) (a) Southern blots, and embryonic material was genotyped by PCR. Some not significant P(1:2:1) Ͼ 0.1 (b) significant P(1:2:1) Ͻ 0.005 individuals were not genotyped because of failure of the PCR reaction, (c) while a proportion of dissections at day 5.5 and day 6.5 yielded significant P(1:2:1) Ͻ 0.0005 H2AZ ϩ/Ϫ mice were maintained by serial backcrossing of male insufficient embryonic material for analysis. By day 6.5 and day 7.5 some heterozygotes with BALB/c females. Neonates were genotyped by embryos had been resorbed, leaving visible implantation sites.
antibody specific for the C-terminal domain of H2A.Z. embryos ( Figure 3 ). We conclude that if H2A.Z protein has been maternally loaded it has been depleted by 3.5 d.p.c. H2A.Z was observed in the nuclei of the ICM and trophectoderm cells of wild-type blastocysts ( Figure 3 ). While less protein was present in the nuclei of heterozygous To distinguish the requirement for H2A.Z in embryos blastocysts, H2A.Z protein was not detected in mutant constrained by precise developmental programs from the cellular requirements for proliferation and survival, we cultured blastocysts from intercrosses in vitro. Blastocysts were collected at 3.5 d.p.c. and cultured for 7 days ( Figure  2b ). During this period embryos hatch from the zona pellucida and attach to the plastic substrate. Normal embryos proliferate vigorously, with a monolayer of trophectoderm-derived cells spreading across the plastic. On these cells a three-dimensional layer of ICM-derived cells grows out and begins to differentiate. In contrast, mutant embryos hatched and attached to the substrate normally, but by 3 days the outgrowths were smaller. After 4 days in vitro, the ICM-derived cells were not visible, and trophectoderm cells were fewer at this stage and failed to proliferate, though they persisted beyond day 7. This failure is consistent with our inability to generate H2A.Z Ϫ/Ϫ ES cells (unpublished). The continued existence of trophectoderm cells in the absence of H2A.Z (Figure 2b) indicates that H2A.Z is not essential for cell survival. Similarly, H2A.Z does not play a crucial role in unicellular fission yeast [6] .
To confirm that H2A.Z is essential for early mouse development, we used a double-stranded RNA (dsRNA) approach. Recently, it was demonstrated that the injection of dsRNA into a single-cell zygote specifically interfered with gene-specific expression in culture [12] . To reproduce this study and substantiate the use of dsRNA, we generated a transgenic mouse strain that expresses EGFP under the control of the CMV promoter. In embryos het- interfere with the normal development of injected singlecell zygotes (data not shown). Consistent with the above gene-targeting experiments, injection of H2A.Z dsRNA the (H3-H4) 2 tetramer [7] . This implies that the directed replacement of H2A with H2A.Z and the consequent into single-cell heterozygous zygotes did not interfere with development to the morula stage (Figure 4) . After alterations to the interface between the histone H2A-H2B dimer and the histone (H3-H4) 2 tetramer may alter 6 days in culture, the majority of embryos reached the blastocyst stage but failed to attach and outgrow on the nucleosome stability or packaging. This would lead to localized chromatin structures in which genes packaged plastic substrate (Figure 4) . We therefore conclude that H2A.Z dsRNA inhibits normal development in culture into H2A.Z-containing nucleosomes are more transcriptionally permissive; this is an essential requirement for at a time similar to when H2A.Z Ϫ/Ϫ embryos fail. many cellular functions during early development, as demonstrated here. This report demonstrates, for the first time, that a specific histone variant is essential for mammalian development. The potential for maternal loading of H2A.Z mRNA or
Materials and methods
protein has precluded our addressing the question of
Construction of the targeting vector
The targeting vector was constructed from sequences subcloned from whether H2A.Z is required during preimplantation develan E14TG2a ES cell line genomic library [13] . Two overlapping clones opment. The H2A.Z message is present in oocytes and (p129ES and p129KS) spanning a total of 19.5 kb were used in the throughout preimplantation development (data not shown).
construction of the targeting vector that included 8.3 kb 3Ј homology
We conclude that differentiation and cleavage can proand 9.5 kb of 5Ј homology. A 0.72 kb MluI-BstEII fragment containing part of the h2a.z promoter region and all of exons 1 and 2 were replaced ceed in the absence of embryonic H2A.Z transcription by a 1.7 kb EcoRI/HindIII fragment containing a neo-resistant cassette and lead to the formation of normal H2A.Z Ϫ/Ϫ blastocysts.
(pgkNEO). This new fragment is driven by the mouse phosphoglycerate
Protein levels were severely diminished by 3.5 d.p.c., kinase-1 promoter and inserted in the opposite transcriptional orientation whereas embryonic defects were not observed until shortly to h2a.z.
after implantation, during a period of rapid cellular proliferation and differentiation. This implies a requirement
Gene targeting in ES cells
The targeting vector, linearized with SalI, was transfected into E14 ES for H2A.Z protein in a specific function, related to decells (derived from mouse strain 129/Ola). Clones in which a single velopmental stage, differentiation, or proliferation. Outcopy of the targeting construct disrupted an H2A.Z allele were identified growths from mutant blastocysts also failed to generate by Southern blot analysis with 5Ј and 3Ј external probes and with a proliferating cell types of either embryonic or extraembryprobe specific for the neo-coding region (Figure 1a,b) . Microinjection of a targeted clone into CBAC57B/6J F 1 blastocysts yielded one male onic lineages. chimera capable of transmitting the mutated allele. The mutation was maintained by serial backcrossing to BALB/c females. Heterozygous
The critical role of H2A.Z in early development strongly RNA synthesis, microinjections, and the culture of injected embryos were performed in an identical manner to that described in [12] . For RNA synthesis, the complete cDNA for mouse H2A.Z and EGFP were cloned into the pLITMUS vector. Zygotes were derived from double transgenic CMV EGFP Balb/C mice crossed with C57Bl/6J mice.
